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ORIGINAL ARTICLE

Integrin-Linked Kinase Is Indispensable for
Keratinocyte Differentiation and Epidermal
Barrier Function
Samar Sayedyahossein, Alena Rudkouskaya, Valerie Leclerc and Lina Dagnino
A functional permeability barrier is essential to prevent the passage of water and electrolytes, macromolecules,
and pathogens through the epidermis. This is accomplished in terminally differentiated keratinocytes through
formation of a cornified envelope and the assembly of tight intercellular junctions. Integrin-linked kinase (ILK)
is a scaffold protein essential for hair follicle morphogenesis and epidermal attachment to the basement
membrane. However, the biological functions of ILK in differentiated keratinocytes remain poorly understood.
Furthermore, whether ILK is implicated in keratinocyte differentiation and intercellular junction formation has
remained an unresolved issue. Here we describe a pivotal role for ILK in keratinocyte differentiation responses
to increased extracellular Ca2þ, regulation of adherens and tight junction assembly, and the formation of an
outside-in permeability barrier toward macromolecules. In the absence of ILK, the calcium sensing receptor,
E-cadherin, and ZO-1 fail to translocate to the cell membrane, through mechanisms that involve abnormalities
in microtubules and in RhoA activation. In situ, ILK-deficient epidermis exhibits reduced tight junction formation and increased outside-in permeability to a dextran tracer, indicating reduced barrier properties toward
macromolecules. Therefore, ILK is an essential component of keratinocyte differentiation programs that
contribute to epidermal integrity and the establishment of its barrier properties.
Journal of Investigative Dermatology (2016) 136, 425e435; doi:10.1016/j.jid.2015.10.056

INTRODUCTION
The structural integrity of the epidermis and its permeability
barrier function require the formation of strong cell-cell
junctions. Assembly of such junctions involves the integration of multiple cellular components into adhesion networks,
which include the actin cytoskeleton and its associated
scaffolding proteins, through processes regulated by Rho
family GTPases and other signaling factors (Yamada and
Nelson, 2007). Integrin-linked kinase (ILK) is a scaffold protein implicated in keratinocyte adhesion to the basement
membrane, susceptibility to Staphylococcus aureus invasion,
stem cell movements, and F-actin dynamics (Nakrieko et al.,
2008, 2011; Sayedyahossein et al., 2014). In spite of the
recognized role of ILK in epidermal morphogenesis, whether
ILK participates in the formation of cell-cell junctions in
suprabasal keratinocytes remains unresolved. ILK has been
proposed to participate in the assembly of E-cadherin-based
adherens junctions in cultured differentiating keratinocytes,
based on the observed disruption of these structures in cells
exogenously expressing dominant-negative ILK deletion
mutants (Vespa et al., 2005). In contrast, E-cadherin was
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reported to exhibit a normal epidermal distribution in a strain
of mice with conditional inactivation of the Ilk gene, leading
to the conclusion that ILK does not directly regulate the formation of cell-cell junctions (Lorenz et al., 2007). To address
these seemingly contrasting observations, we have examined
the responses of ILK-deficient (ILKKO) cultured keratinocytes
to increases in extracellular Ca2þ concentrations ([Ca2þo]),
as well as the Ca2þ-dependent assembly of adherens and
tight junctions, and the outside-in permeability characteristics of ILKKO epidermis to tracer molecules. Our results
demonstrate that ILK is a key factor required for the activation
of Ca2þ-induced signaling events involved in the formation of
epithelial sheets and in the maintenance of the epidermal
permeability barrier.
RESULTS AND DISCUSSION
ILK is required for F-actin remodeling and calcium sensing
receptor (CaSR) responses to increased [Ca2Do]

Culture of primary keratinocytes in the presence > 0.07 mM
Ca2þo triggers a differentiation program that closely mimics
in vivo differentiation (Bikle et al., 2012). This program is
characterized by multiple changes, which include growth
arrest, upregulation of differentiation markers, actin cytoskeletal rearrangements, and assembly of intercellular junctions (Tu and Bikle, 2013). In particular, actin cytoskeletal
regulation plays key roles in keratinocyte stem cell maintenance and differentiation. In these cells, inhibition of Rac1
alters F-actin dynamics and reduces proliferative capacity,
whereas interference with RhoA signaling helps maintain
keratinocyte stem cell properties (Nanba et al., 2013). Induction of keratinocyte differentiation in culture by increases
in [Ca2þo] also causes F-actin rearrangements, characterized

ª 2015 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.
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by the development of cortical bundles of actin cables
associated with intercellular junctions (Vasioukhin et al.,
2000). Such F-actin rearrangements contribute to the formation of a sealed epithelial sheet and are regulated by activation of the small GTPases Rac1, and RhoA (Vaezi et al.,
2002). ILK plays key roles in remodeling of the actin cytoskeleton in keratinocytes and other cells (Legate et al., 2006;
Sayedyahossein and Dagnino, 2012). To investigate if F-actin
remodeling during keratinocyte differentiation requires ILK,
we compared Cre recombinase-expressing mouse keratinocytes from littermates that were either heterozygous (ILKþ)
or homozygous (ILKKO) for floxed Ilk alleles (Nakrieko et al.,
2008; Rudkouskaya et al., 2014). Similar to previous reports
using wild-type keratinocytes, we observed that cells with
only one functional Ilk allele form cortical actin fibers
following culture in the presence of 1 mM Ca2þo for
24 hours, indicating lack of Ilk gene dosage effects in this
process (Figure 1a). In contrast, ILKKO keratinocytes showed
substantially altered responses to 1 mM Ca2þo. Instead of
adopting a characteristic flat epithelial morphology with a
large cytoplasm-to-nucleus ratio, these cells formed tightly
packed aggregates that showed smaller cytoplasm-to-nucleus
ratios (Figure 1a). ILKKO keratinocytes fail to spread properly.
As a result, ILKKO cells often appear to be smaller than
normal keratinocytes (Figure 1a). Further, F-actin in these
cells was also highly disorganized, with little evidence of
cortical actin cable formation, even after a 24-hour treatment
with 1 mM Ca2þo (Figure 1a).
Elevation of [Ca2þo] also triggers translocation of the
G protein-coupled calcium sensing receptor, CaSR, to the
keratinocyte plasma membrane. CaSR then participates in
the activation of signaling pathways that ultimately lead to
differentiation and formation of epithelial sheets (Tu et al.,
2011). Given the abnormalities observed in ILKKO cells
treated with 1 mM Ca2þo, we first investigated if CaSR
translocation to the plasma membrane occurred efficiently in
the absence of ILK. In ILKþ cells treated with 1 mM Ca2þ for
24 hours, CaSR immunoreactivity concentrated along cell
borders in areas adjacent to cortical actin bundles (Figure 1a).
On the contrary, CaSR did not appreciably translocate to the
plasma membrane in ILKKO keratinocytes (Figure 1a), indicating an impairment in trafficking of CaSR from intracellular
stores to the plasma membrane. CaSR can translocate from
intracellular stores to specific domains in polarized cells, and
its abnormal subcellular distribution in ILKKO keratinocytes is
also consistent with the reported requirement for ILK in the
development of epidermal cell polarity in vivo and in culture
(Ho and Dagnino, 2012; Ho et al., 2009; Rudkouskaya et al.,
2014; Tu and Bikle, 2013).
Increases in [Ca2þo] trigger a biphasic elevation in the
intracellular calcium concentration, [Ca2þi] in keratinocytes,
with an initial, but transient, CaSR-mediated increase (Tu and
Bikle, 2013). To assess changes in [Ca2þi] in response to
elevated [Ca2þo], we loaded keratinocytes incubated in low
Ca2þ medium with FURA-2. We then measured changes in
FURA-2-associated fluorescence in response to elevation of
[Ca2þo], which reflect changes in cytosolic Ca2þ levels
(Wheal et al., 2014). Shortly after increasing [Ca2þo] to 1
mM, we observed a robust initial increase in [Ca2þi] in ILKKO
cells, which was undistinguishable from that observed in
426
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ILKþ keratinocytes (Figure 1b and c). In wild-type keratinocytes, this initial peak in cytosolic Ca2þ is followed by a
second, more sustained elevation in [Ca2þi] that requires
both CaSR and RhoA activation. This second increase in
intracellular Ca2þ is necessary for normal keratinocyte differentiation (Tu and Bikle, 2013; Tu et al., 2012). Measurements of FURA-2-associated fluorescence at timed intervals
after Ca2þo addition revealed that the second, sustained increase in [Ca2þi] reached significantly lower levels in ILKKO
cells than those observed in ILKþ cells (Figure 1b and c).
Thus, deficient CaSR delivery to the plasma membrane in the
absence of ILK is accompanied by alterations in cytosolic
Ca2þ responses in differentiating keratinocytes. Whether ILK
also modulates intracellular Ca2þ release and/or reuptake is
an important area for future research.
Role of ILK in RhoA activation induced by Ca2D and CaSR

The impaired increases in [Ca2þi] observed in ILKKO keratinocytes cultured in 1 mM Ca2þ prompted us to examine
whether the modulation of RhoA was also altered in these
cells. In response to increased [Ca2þo], RhoA is recruited to
regions adjacent to contacting cell membranes and, together
with Rac1, ultimately promotes formation of cell-cell adhesions (Yamada and Nelson, 2007). Accordingly, we observed
that increasing [Ca2þo] induced RhoA translocation to areas
adjacent to the plasma membrane in ILKþ keratinocytes
(Figure 1d). Increased [Ca2þo] did not appreciably alter the
cytoplasmic distribution of RhoA in ILKKO cells, in which
membrane-associated RhoA was rarely detected, even after
24 hours of culture in the presence of 2 mM Ca2þo
(Figure 1d).
Increases in [Ca2þo] were also accompanied by RhoA
activation in ILKþ cells, as evidenced by elevated RhoA-GTP
levels, which peaked about 5 minutes after Ca2þ addition to
the growth medium (Figure 1e). RhoA-GTP levels in unstimulated ILKKO keratinocytes cultured in the absence of serum
and growth factors were higher than in ILKþ cells (Figure 1e).
Increased “basal” levels of active RhoA have also been
described in ILK-depleted oligodendrocytes and dermal fibroblasts (Blumbach et al., 2010; O’Meara et al., 2013).
Significantly, the presence of 2 mM Ca2þo actually decreased
active RhoA abundance in ILKKO keratinocytes to levels
indistinguishable from those found in unstimulated ILKþ
cells. These differences were not due to altered RhoA abundance, because the levels of total RhoA protein were comparable in both cell types (Figure 1f). The activation of RhoA
family GTPases is regulated through multiple pathways and
involves many activator proteins, depending on cell type and
biological context. The absence of ILK in epidermal keratinocytes may cause abnormalities in the modulation of RhoA
activity involving multiple pathways. Without apparent
external stimuli, active RhoA abundance is increased, similar
to observations in other cell types. However, ILK may be
necessary to bring together RhoA and relevant Rho activating
protein(s) stimulated by increased [Ca2þo]. ILK is also
required for activation of Rac1 in response to growth factors
in keratinocytes (Sayedyahossein et al., 2012). Collectively,
our observations demonstrate that ILK plays a broad, but
context-dependent role in the regulation of small Rho family
GTPases. The identification of the guanine exchange factor(s)

S Sayedyahossein et al.

ILK and Calcium-Sensing Receptors

Figure 1. Abnormal responses of ILKKO keratinocytes to increased [Ca2Do]. (a) CaSR and F-actin in ILK-expressing (ILKþ) or ILKKO keratinocytes cultured with 1
mM Ca2þ for 24 hours. In the lower panel micrographs, nuclei were visualized by staining with Hoescht 33342. Bar, 30 mm. (b, c) Ca2þi-associated fluorescence
after addition of 2 mM Ca2þo to FURA-2-loaded ILKþ (red) or ILKKO (blue) keratinocytes (mean þ SEM, n ¼ 4, *P < 0.05). (d) E-cadherin (E-cad) and RhoA
localization in keratinocytes cultured in 1 mM Ca2þ. Bar, 50 mm. (e, f) RhoA-GTP and RhoA protein levels in ILKþ (red) or ILKKO (blue) cells after culture in 2 mM
[Ca2þo] for the indicated times; t ¼ 0 represents RhoA-GTP levels measured just before the addition of Ca2þ to the culture medium (mean þ SEM, n ¼ 4).

involved in these distinct processes is clearly an important
area for future research.
Impaired cell-cell junction assembly in the absence of ILK

The development of the barrier properties of the epidermis
requires strong cell-cell adhesion, achieved through formation of desmosomes, adherens, and tight junctions, which are
disrupted in some cutaneous inflammatory disorders
(Kobielak and Boddupally, 2014). The induction of cultured

keratinocyte differentiation by Ca2þo leads to assembly of
intercellular junctions, characterized by initial formation of
E-cadherin-based adherens junctions between neighboring
cells (reviewed in Vasioukhin and Fuchs, 2001).
Given that increases in [Ca2þi], CaSR signaling, RhoA
activation, and F-actin remodeling are required for proper
junction formation in keratinocytes (Tu and Bikle, 2013), we
next investigated if ILKKO cells exhibited alterations in
adherens junctions assembly. To this end, we characterized
www.jidonline.org
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in these cells Ca2þ-induced changes in E-cadherin subcellular distribution. Culture of confluent ILKþ keratinocytes
in the presence of 1 mM Ca2þo induced translocation of
E-cadherin from intracellular stores to the plasma membrane, indicating the formation of adherens junctions
(Figure 2). Under these conditions, we observed in ILKKO
keratinocytes E-cadherin immunoreactivity throughout the
cytoplasm, with occasional and discontinuous patterns of
localization at the plasma membrane. The absence of ILK
appears to impair, rather than delay, the formation of
adherens junctions, because this abnormal pattern of
E-cadherin subcellular localization was observed even after
72 hours of culture in the presence of 1 mM Ca2þo (Figure 2
and see Supplementary Figure 1 online).
The formation of adherens junctions precedes and is
required for proper tight junction assembly in differentiated
keratinocytes and other epithelial cells (Kirschner and
Brandner, 2012). Therefore, we next investigated the subcellular localization of ZO-1, a marker of tight junctions. In
ILKþ, but not in ILKKO cells, efficient traffic of ZO-1 from
intracellular sources to the plasma membrane was observed
upon incubation of the cells with 1 mM Ca2þo (Figure 2).
ZO-1 is necessary in cultured keratinocytes for the Ca2þinduced localization to cell-cell contacts of other tight
junction components, such as claudins and occludin
(Kirschner et al., 2013). Further, ZO-1 is also essential for
the establishment of a barrier against the paracellular
movements of ions and macromolecules in keratinocytes
(Kirschner et al., 2013). Thus, the absence of ILK interferes
with key cellular events in epithelial sheet formation,
resulting in a net negative impact on the ability of keratinocytes cultured as submerged monolayers to form effective
cell-cell junctions.
Pharmacologic RhoA activation partially restores CaSR and
E-cadherin delivery to the plasma membrane in ILKKO cells

In epithelial cells, Rac1 is found at cell extensions in nascent
intercellular junctions, whereas RhoA localizes to the cell
edges as early cell-cell contacts become more stable. Inhibition of Rac1 or RhoA results in removal of E-cadherin from
the membrane and destabilizes cell-cell junctions (Yamada
and Nelson, 2007). Thus, we next determined if the
impaired RhoA activation in ILKKO cells is causally linked to
the observed abnormalities in CaSR and in intercellular
junction formation. We cultured ILKKO cells in the joint
presence of 1 mM Ca2þo and CN03, a pharmacologic RhoA
activator (Flatau et al., 1997). In ILKþ cells, the presence of
CN03 did not alter the assembly of cortical F-actin bundles
and did not affect CaSR, E-cadherin, and ZO-1 translocation
to the plasma membrane (Figure 3a and b). In ILKKO keratinocytes, CN03 promoted formation of both cortical and
stress actin fibers. In these cells, areas of CaSR, E-cadherin
and Z0-1 immunoreactivity along cell borders were also
observed, although they appeared to be discontinuous in
some cells (Figure 3a and b). Thus, pharmacologic activation
of RhoA in the absence of ILK partially restores translocation
of CaSR and junction proteins, indicating that ILK likely
modulates several pathways involved in this process and that
active RhoA is a downstream effector of ILK during keratinocyte differentiation.
428
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Role of microtubules in Ca2D-induced CaSR membrane
translocation

The movement of E-cadherin to the cell membrane in
response to Ca2þo requires an intact microtubule network
(Jackson et al., 2015). Cortical microtubules also engage
adherens and tight junctions, contributing to the establishment of epidermal barrier functions (Sumigray et al., 2012).
Significantly, ILK is necessary for microtubule stability in
keratinocytes, and its absence precludes E-cadherin trafficking to the membrane and adherens junction assembly
through mechanisms that involve GSK-3b, CRMP2, and Rac1
activation (Jackson et al., 2015). Hence, we next determined
if CaSR movements to the plasma membrane require intact
microtubules. To this end, we determined CaSR intracellular
localization at timed intervals after culture in 1 mM Ca2þo in
cells treated with colchicine, a microtubule depolymerizing
drug. Microtubule disruption prevented CaSR delivery to
the plasma membrane and altered the formation of cortical
F-actin bundles (Figure 3c). In contrast, the presence of
colchicine did not appreciably alter the retention of CaSR in
the cytoplasm in ILKKO keratinocytes. Thus, modulation of
microtubule networks by ILK is also necessary for efficient
delivery of CaSR to the plasma membrane during keratinocyte differentiation.
Alterations in junction proteins in ILK-deficient epidermis

In vivo, adherens junctions contribute to the mechanical
strength and integrity of the epidermis (Young et al., 2003).
Hence, we determined if the observed alterations in junction
assembly in cultured ILKKO keratinocytes were associated
with E-cadherin abnormalities in ILK-deficient epidermis. In
ILKþ tissues, E-cadherin localized to the lateral and apical
aspects of basal keratinocytes but not on cell membrane regions juxtaposed to the basement membrane. We also
observed E-cadherin throughout the cell borders in all living
suprabasal layers, similar to epidermis with two functional Ilk
copies (Figure 4a). Basal ILKKO keratinocytes showed E-cadherin throughout the cell membrane, including those regions
in contact with the basement membrane, indicating that ILK
is necessary for normal polarized E-cadherin distribution
(Figure 4a). E-cadherin immunoreactivity was readily detected in suprabasal ILKKO keratinocytes, although E-cadherin
transcripts are slightly decreased in ILK-deficient epidermis
(Judah et al., 2012). However, E-cadherin immunoreactivity
frequently exhibited a discontinuous pattern around differentiated keratinocyte borders (Figure 4a). The loss of polarized E-cadherin distribution in ILKKO basal keratinocytes is
reminiscent of similar polarity alterations in developing ILKKO
hair follicles, in which E-cadherin abnormally concentrates
in juxtaposition with the basement membrane (Rudkouskaya
et al., 2014).
In mouse epidermis, claudins 1 and 4, occluding, and ZO1 contribute to the assembly of tight junctions (Sugawara
et al., 2013). ZO-1 localizes to cell borders throughout the
spinous and all three granular layers (SG1, SG2, and SG3)
(Kirschner and Brandner, 2012; Morita et al., 1998). Similar
to wild-type tissues, ZO-1 is present in ILKþ epidermis in the
spinous layer (Figure 4a). On the apical aspect of SG2 keratinocytes, ZO-1 is also observed as puncta, known to label
the tight junctions (Furuse et al., 2002). Although ZO-1 was
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Figure 2. Impaired junction
formation in ILK-deficient
keratinocytes. Primary ILKþ or ILKKO
keratinocytes were cultured for the
indicated times in medium containing
1 mM Ca2þ before processing for
immunofluorescence microscopy
with antibodies against E-cadherin
(E-cad) or ZO-1 as described in
Supplementary Materials and
Methods (online). Nuclear DNA was
visualized with Hoescht 33342. Bar,
50 mm.

www.jidonline.org
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Figure 3. Role of RhoA activation and
microtubules in CaSR and E-cadherin
translocation to the keratinocyte
plasma membrane. (a, b) Primary ILKþ
or ILKKO keratinocytes were cultured
for 4 hours in serum- and additive-free
medium supplemented with 1 mg/ml
CN03, followed by culture for 24
hours in growth medium containing
1 mg/ml CN03 and 1 mM Ca2þ.
The cells were processed for
immunofluorescence microscopy with
antibodies against CaSR, E-cadherin
(E-cad), or ZO-1 as described in
Supplementary Materials and
Methods (online). Nuclear DNA was
visualized with Hoescht 33342. Bar,
50 mm. (c) Keratinocytes were
sequentially cultured for 1 hour in the
presence of 5 mM colchicine or
control vehicle and 24 hours in
medium with colchicine (or vehicle)
and 1 mM Ca2þ, and processed for
microscopy. F-actin and DNA were
visualized, respectively with
phalloidin and Hoescht 33342. Bar,
25 mM.
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Figure 4. Altered junctional proteins in ILKKO epidermis. (a) E-cadherin (E-cad) and ZO-1 immunoreactivity in dorsal skin of 3-day-old ILKþ or ILKKO mice.
Arrowheads indicate areas shown at higher magnification in the micrograph underneath. Dotted and dashed lines indicate, respectively, the surface and the
basal layer of the epidermis. Bar, 50 mm. (b) The number of ZO-1 puncta in the apical aspect of the SG2 granular layer per 100-mm epidermal sections was
determined as described in Supplementary Materials and Methods (see online). The bars represent the mean number þ SEM of ZO-1 puncta/100 mm. The
asterisk indicates P < 0.05 (Student’s t test, n ¼ 4). (c) Protein lysates from dorsal epidermis of 3-day-old ILKþ or ILKKO mice of two different litters were analyzed
by immunoblot with antibodies against the indicated proteins. g-Tubulin was used to normalize for protein loading.

evident in ILKKO spinous keratinocytes, extensive SG2 areas
exhibited no detectable ZO-1 (Figure 4a), suggesting that the
assembly and/or abundance of tight junctions in the ILKKO
epidermis may be altered. To further explore this possibility,
we conducted an analysis of two-dimensional confocal images to quantify the abundance of ZO-1 puncta in the SG2
granular layers. This analysis revealed a density in ILKþ and
ILKKO epidermis, respectively, of 7.33  0.6 and 2.73  0.6
puncta per 100-mm sections of epidermal tissue, corresponding to a 63% decrease in the abundance of ZO-1
puncta in ILKKO epidermis. This difference was accompanied by significantly lower ZO-1 protein levels in ILKdeficient epidermal tissues (Figure 4b and c). ILK-deficient
epidermis does not exhibit measurable alterations in ZO-1
mRNA abundance (Judah et al., 2012), suggesting that ILK
may contribute to post-translational modulation of ZO-1
levels.
Claudin 1 is an integral protein, which is also essential for
the assembly of functional epidermal tight junctions and to
establish normal barrier permeability properties in corneocytes (Sugawara et al., 2013). In ILKþ mice, claudin 1
concentrated around the cell borders of SG2 cells, where it

co-localized with ZO-1 (Figure 5). In contrast, the upper
granular layers of ILKKO epidermis showed claudin 1 immunoreactivity in a fragmentary pattern around cell borders,
showing little, if any, co-localization with ZO-1 (Figure 5).
Together, these observations are consistent with the concept
that in the absence of ILK proper epidermal cell-cell junction
assembly does not take place.
Alterations in late differentiation markers and barrier
permeability properties in ILKKO epidermis

Given the impaired responses to differentiation induced by
[Ca2þo] in ILKKO keratinocytes and that claudin 1 is required
for normal profilaggrin processing (Sugawara et al., 2013),
we next investigated the possibility that Ilk gene inactivation
might also be associated with filaggrin alterations. In ILKþ
epidermis, filaggrin was detected in all SG layers (Figure 6a),
in agreement with its reported distribution patterns in wildtype mice (Morasso et al., 1996). Filaggrin immunoreactivity was also detected in ILKKO granular layers. However,
it exhibited a discontinuous pattern, reflecting an altered
organization of the stratum granulosum, in which areas with
only one or two cell layers were frequently observed
www.jidonline.org
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Figure 5. Claudin 1 distribution in
ILKKO epidermis. Claudin and ZO-1
immunoreactivity in dorsal skin of
3-day-old ILKþ or ILKKO mice. The
upper panels represent differential
interference contrast (DIC) images
overlaid with visualized claudin 1.
Asterisks and arrowheads indicate
areas shown at higher magnification
in the micrograph shown in the
lowermost panels. Bar, 50 mm.
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Figure 6. Distribution of late differentiation markers in ILKKO epidermis. (a) Filaggrin immunoreactivity in dorsal skin of 3-day-old ILKþ or ILKKO mice. The
upper panels represent differential interference contrast (DIC) images overlaid with visualized filaggrin. Arrowheads indicate the upper edge of the cornified
envelope. Boxed areas are shown at higher magnification in the adjacent micrographs. Bar, 20 mm. (b) Percent area of fillagrin-positive immunoreactivity in the
epidermis. Results are shown as the average þ SEM. *P < 0.05 (n ¼ 4, Student’s t test). (c) Dsg4 immunoreactivity in dorsal skin of 3-day-old ILKþ or ILKKO mice.
Arrowheads indicate the areas shown at higher magnification in the adjacent micrographs. Bar, 50 mm. (d) Skin explants on which Alexa Fluor 594-conjugated
dextran (10,000 Da, 5 mg/ml) was placed, sealed, and cultured in Transwell chambers at 37  C for 24 hours. Bars represent the mean þ SEM (n ¼ 8) of the
fluorescence intensity of the dextran tracer that penetrated the skin and diffused into the culture medium in the lower chamber of the Transwell system.
*P < 0.05 (Student’s t test).

(Figure 6a). Indeed, whereas the percent surface area that was
positive for filaggrin-associated immunoreactivity in SG
layers was 80.2  5.6% in ILKþ tissues, it was reduced to
52.9  5.8% in ILKKO epidermis (Figure 6b).
The observed alterations in the ILKKO stratum granulosum
prompted us to examine the distribution patterns of desmoglein 4 (Dsg4). Dsg4 is an important desmosomal component
in the epidermis and hair follicles. Dsg4 is a late keratinocyte
differentiation marker in the interfollicular epidermis and is
most abundant in the stratum granulosum, particularly just
underneath the corneocytes (Bazzi et al., 2006). Dsg4
immunoreactivity was not detected in a substantial proportion of ILKKO SG keratinocytes and in the stratum corneum
(Figure 6c). These observations are in agreement with our
previous reports that epidermal Dsg4 mRNA, and protein
levels are substantially downregulated in the absence of ILK
(Judah et al., 2012). Together, our results demonstrate that the
absence of ILK results in marked alterations in the architecture and organization of the uppermost epidermal layers,
possibly as a result of attenuated keratinocyte responses to
differentiation signals and cytoskeletal abnormalities.
A key function of the tight junctions in the stratum granulosum is to restrict paracellular permeability of ions and

small molecules (Kirschner and Brandner, 2012). Therefore,
we next examined the barrier properties of ILKKO epidermis
using skin explants on which fluorescent dextran tracer was
placed. The explants were subsequently cultured in a
bicameral support. The fluorescence in the growth medium
in the lower chamber was then assessed, indicating the
degree of permeability of the explants. Whereas very
little fluorescent dextran tracer was detected in medium from
ILKþ explants, fourfold greater values were present in the
medium from ILKKO tissues (Figure 6d). This indicates a
disruption in the stratum corneum barrier, associated with
filaggrin and Dsg4 abnormalities in ILKKO epidermis. It is also
possible that the tight junctions in the granular layer may be
defective in mutant mice, and the role of ILK in epidermal
inside-out barrier function is an important area for future
research.
Conclusions

We have now addressed a central, but hitherto unresolved
issue regarding the role of ILK in the epidermal permeability
barrier. ILK is required for normal delivery of CaSR to the
plasma membrane, a process that requires an intact microtubule network and activation of RhoA. ILK modulates both
www.jidonline.org
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microtubule dynamics and RhoA activation in response to
increased [Ca2þo]. Downstream ILK targets activated
during Ca2þ stimulation of keratinocytes are RhoA and microtubules. CaSR delivery to the plasma membrane and
RhoA activation in turn are necessary for sustained increases
in [Ca2þi] in response to elevation in [Ca2þo]. ILK is also
necessary for Ca2þ-induced delivery of E-cadherin and ZO-1
to the plasma membrane and subsequent formation of
adherens and tight junctions. Significantly, pharmacologic
activation of RhoA by CN03 partially restores CaSR and
E-cadherin delivery to the plasma membrane in ILKKO keratinocytes. In vivo, the absence of ILK in the epidermis results
in abnormal distribution of E-cadherin, ZO-1, and late differentiation markers. These alterations are accompanied by
impairment in the outside-in barrier function of this tissue,
likely due to impaired tight junction assembly.
MATERIALS AND METHODS
Mouse strains
All animal experiments were approved by the University of Western
Ontario Animal Use Care Committee (Protocol No. 2007-005-02),
in accordance with regulations and guidelines from the Canadian
Council on Animal Care. The generation and genotyping of mice
with epidermis-restricted inactivation of the Ilk gene has been
described (Nakrieko et al., 2011; Rudkouskaya et al., 2014).

Dextran tracer permeability assays
Tracer flux measurements were conducted as described (Kirschner
and Brandner, 2012), with minor modifications. After mice were
killed, the dorsal skin of 3-day-old ILKþ mice and ILKKO littermates
was harvested, without any tape stripping. The tissues were placed
epidermis side up onto 24-mm tissue culture inserts (8-mm pore size,
cat. no. 3428; Transwell, Corning, NY), and the tissue edges were
sealed with a 1:1 (vol/vol) mixture of white petroleum jelly and
mineral oil. The inserts were then placed in Transwell chambers
containing 1.5 ml of Ca2þ-free EMEM supplemented with 2% fetal
bovine serum in the lower chamber. A 10-ml drop of high-molecularweight (10,000 MW) Alexa Fluor 594-conjugated dextran (5 mg/ml
dissolved in phosphate-buffered saline, D22913; Molecular Probes/
ThermoFisher Scientific (Burlington, Ontario, Canada) was placed
onto the center of the skin explants, which were then incubated at
37  C in a humidified atmosphere for 24 hours. The fluorescence
intensity of dextran that penetrated the skin and diffused to the
lower chamber of the Transwell system and into the growth
medium was measured using a microplate reader with Softmax Pro
Version 5 software (Molecular Devices, Sunnyvale, CA). Additional
details on reagents and experimental procedures are described in
Supplementary Materials and Methods (online).
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